Abstract Over recent decades, many studies have reported that hypocrellin A (HA) can eliminate cancer cells with proper irradiation in several cancer cell lines. However, the precise molecular mechanism underlying its anticancer effect has not been fully defined. HA-mediated cytotoxicity and apoptosis in human lung adenocarcinoma A549 cells were evaluated after photodynamic therapy (PDT). A temporal quantitative proteomics approach by isobaric tag for relative and absolute quantitation (iTRAQ) 2D liquid chromatography with tandem mass spectrometric (LC-MS/MS) was introduced to help clarify molecular cytotoxic mechanisms and identify candidate targets of HA-induced apoptotic cell death. Specific caspase Abbreviations: ACN, acetonitrile; CLSM, confocal laser scanning confocal microscopy; DCFH-DA, 2 0 ,7 0 -dichlorofuorescin diacetate; DMEM, Dulbecco's modified Eagle's medium; Dox, doxorubicin; ECL, enhanced chemiluminescence; FCCP, carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone; FDR, false discovery rate; GO, gene ontology; HA, hypocrellin A; HRP, horseradish peroxidase; IAA, iodoacetamide; IKK, IκB kinase complex; iTRAQ, isobaric tag for relative and absolute quantitation; JC-1, 5,5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethyl-benzimidazolcarbocyanine iodide; MPT, mitochondrial permeability transition; MMP, mitochondrial membrane potential; NAC, N-acetyl-L-cysteine; ROS, reactive oxygen species; OCR, oxygen consumption rate; PDT, photodynamic therapy; PI, propidium iodide; PS, photosensitizer; SCX, strong cation exchange; TCM, traditional Chinese medicinal; TEM, transmission electron microscope; TFA, trifluoroacetic acid; UA, urea; z-LEHD-fmk, z-Leu-Glu ( Acta Pharmaceutica Sinica B 2019;9(2):279-293 inhibitors were used to further elucidate the molecular pathway underlying apoptosis in PDT-treated A549 cells. Finally, down-stream apoptosis-related protein was evaluated. Apoptosis induced by HA was associated with cell shrinkage, externalization of cell membrane phosphatidylserine, DNA fragmentation, and mitochondrial disruption, which were preceded by increased intracellular reactive oxygen species (ROS) generations. Further studies showed that PDT treatment with 0.08 mmol/L HA resulted in mitochondrial disruption, pronounced release of cytochrome c, and activation of caspase-3, -9, and -7. Together, HA may be a possible therapeutic agent directed toward mitochondria and a promising photodynamic anticancer candidate for further evaluation.
Introduction
Cancer is a leading cause of mortality in economically developed countries and the second most frequent cause of death in developing countries 1 . Current standard treatments, such as surgery, chemotherapy and radiotherapy, are limited by undesirable toxic and side effects, patient intolerance, and poor long-term survival rates 2 . With the shortcomings of these conventional cancer treatment modalities and the magnitude of lung cancer incidence, alternative therapies with better tumor selectivity and fewer side effects have been developed.
Since the first use of hematoporphyrin derivative together with red light irradiation to kill tumor cells in 1975, photodynamic therapy (PDT) has attracted extensive attention as a prospective strategy for cancer treatment 3 . PDT is consists of two-step process including the accumulation in the tumor tissue and then activation of photosensitizer (PS) after illumination with proper light. PDT involves three important elements: sensitizing agent, light energy, and oxygen, among which PS plays a vital role in effective PDT 4 . Ever since the discovery of PDT, continuous efforts have been made to identify ideal photosensitizer drugs.
HA is a type of perylenequinoid isolated from a traditional Chinese medicinal (TCM) fungus Shiraia bambusicola 5 . HA is widely accepted and utilized in clinic for lichen amyloidosis, tinea capitis, white lesions of the vulva, vitiligo, psoriasis, and keloid. Currently, due to its high singlet oxygen quantum yield and strong red-absorption property, HA has aroused extensive interest as a potent anti-cancer drug for PDT 6 . Many reports revealed that HA exerted an anticancer effect via triggering apoptotic cell death. In a study by Zhang and co-workers 7 , HA evoked photodynamic toxicity via apoptosis in HeLa, MGC-803 and HIC malignant human cell lines. Fei et al. 8 also reported that the apoptosis induced by HA in human cervical carcinoma cells might relate to the equilibrium state between BAX and BCL-2 gene expression in mitochondria. However, the biological molecular mechanism of apoptosis-inducing effect in response to HA-mediated PDT has not been systematically investigated at the protein level.
Therefore, a better understanding of the biochemical changes caused by HA during apoptosis is desirable to improve future PDT strategies. In this work, we first assessed anticancer and apoptosis inducing effects of HA under illumination and verified that ROS actively participated in PDT in A549 cells. Moreover, protein abundance changes were quantified and promising targets and signaling pathways involved in HA-induced apoptotic cell death were identified. Additionally, applying functional assessment and mitochondrial morphology investigation, as well as down-stream apoptosis-related protein evaluation, we provide detailed insights into mechanism of successive events evoked by HA that eventually led to apoptosis.
Materials and methods

Materials
HA was separated by chromatography from fruiting bodies of Shiraia bambusicola collected from wild fields according to Kishi's method 9 . HA was crystallized three times from acetone and characterized as reported in our previous work before use 10 . A 10 mmol/L stock solution of HA dissolved in DMSO was prepared and stored at À20 1C in the dark. Doxorubicin (Dox) was purchased from Selleck Chemicals (Houston, TX, USA). CCK-8 was purchased from Dojindo Laboratories (Kumamoto, Japan). 2 0 ,7 0 -Dichlorofuorescin diacetate (DCFH-DA) and Dulbecco's modified Eagle medium (DMEM) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). z-Val-Ala-Asp-fluoromethylketone (Z-VAD-fmk), z-Ile-Glu-Asp-fluoromethylketone (z-IETD-fmk) and z-Leu-Glu(OMe)-His-Asp(OMe)-fluoromethylketone (z-LEHD-fmk) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Annexin V apoptosis detection kit was purchased from BioVision, Inc. (Mountain View, CA, USA). MitoTracker green and the Mito Probe 5, 5 0 ,6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethyl-benzimidazolcarbocyanine iodide (JC-1) assay kit were from Thermo Fisher Scientific (San Jose, CA, USA). XF cell Mito-stress test kit was obtained from Seahorse Bioscience, Inc. (North Billerica, MA, USA). Apoptosis antibody sampler kit, Western blotting application solutions kit, anti-cytochrome c, and anti-COX IV were acquired from Cell Signaling Technology, Inc. (Beverly, MA, USA). All other chemicals were of analytical grade.
UV Spectral analysis of HA
Spectral analysis of HA was performed on a Shimadzu UV-2450 spectrophotometer (Japan) using phosphate buffered solution (PBS) as solvent and methanol (o 0.5%) as co-solvent.
Cell culture
A549 human lung adenocarcinoma cell line (A549 cells) was purchased from the Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). A549 cells were grown in DMEM medium supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS), and antibiotics (100 IU/mL penicillin and 100 μg/mL streptomycin) in a humidified atmosphere with 5% CO 2 and kept at 37 1C.
Cellular uptake
To study intracellular photosensitizer accumulation, cellular uptake of HA by A549 cells was visualized with an Olympus IX71 fluorescent microscope (Tokyo, Japan). ImageJ (V1.44; http://rsb.info.nih.gov/ij/) was used to analyze the changes of the fluorescent signal intensity.
Photodynamic treatment of in vitro cells
Photodynamic treatment was conducted as described in our previous work 10 . The A549 cells were rinsed with PBS to remove the serum and subsequently incubated with or without HA for 4 h in serum-free medium in the dark, allowing cellular uptake of PS. For control group, cells were incubated with is FBS free DMEM with correspondent amount of DMSO with HA treatment solution. The cells in each treatment group were then rinsed with PBS and exposed to a light emitting diode (LED) light source at proper wavelength for 15 min, except for Sham and Dox groups. After illumination, the cells were immediately removed into the dark and incubated for rest hours for future testing.
Cytotoxicity assays
Briefly, the cells were seeded at a density of 1 Â 10 4 cells/mL onto a 96-well plate (Corning, NY, USA) overnight for attachment. Dox was chosen as a positive control drug owing to it widely applied in clinical anticancer therapy 11 . For the PDT assay, the cells were exposed to different concentrations of HA and Dox according to the method described above. After PDT, cell viability was then assessed with a cell counting kit 8 (CCK-8) according to the manufacturer's instructions. In parallel, for the dark cytotoxicity testing, cells were processed as described above except for the light treatment.
Nuclear morphology analysis
Nuclear condensation was detected by labeling cells with the nuclear stain 4 0 ,6-diamidino-2-phenylindole (DAPI) and observing cells under a fluorescence microscope. Briefly, the A549 cells were grown at 2 Â 10 4 cells/mL on cover glasses in 6-well plates. At certain times after the photodynamic treatment was finished, washed cells were fixed with formaldehyde (4%, w/v) for 10 min and then permeabilized with Triton X-100 (0.01%, v/v, in PBS) for 5 min at room temperature. Finally, after the cells were stained with DAPI (1 μg/mL), nuclear morphology was visualized using a fluorescence microscope at 460 nm.
Cell membrane phosphatidylserine externalization analysis
Percentage of apoptotic cells after light irradiation was evaluated employing an annexin V apoptosis detection kit. A549 cells were grown in 6-well plates at 2 Â 10 4 cells/mL and permitted to attach overnight. Next, light irradiation was conducted as described above. Then, the cells were harvested and rinsed twice with precooled PBS.
Cell cycle assay
To evaluate cell cycle changes after PDT, propidium iodide (PI)-stained A549 cells were examined with flow cytometry at wavelength (λ ex ) 488 nm excitation and detected wavelength (λ ex ) at 565-610 nm emission. Later, Cell Quest Pro 4.0.2 software (Becton Dickinson, San Jose, CA, USA) was used to analyze the data. The sub-G1 percentage was reported as the apoptosis levels. Immediately, the cells were stained with annexin V labeled with fluorescein isothiocyanate (FITC) at 37 1C for 15 min in the dark and examined under a FACS Calibur flow cytometer (San Jose, CA, USA).
Western blot analysis
After exposure to different treatment, cell extracts were prepared and rinsed in modified radio immunoprecipitation assay (RIPA) lysis buffer on ice. After 20 min centrifugation at 10,000 Â g at 4 1C, supernatants were collected and then subjected to protein concentration estimation using the Bradford method. Subsequently, equal amounts of each protein sample was separated on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Bedford, MA, USA) using Bio-Rad wet transfer system. After blocking, the membranes were incubated overnight with primary antibodies at 1/2000 or 1/1000 dilution with agitation at 4 1C. Thereafter, blots were washed and exposed to horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h. Finally, proteins were washed again, visualized using an electrogenerated chemiluminescence (ECL) kit, and examined with a Fluor Chem E system image analyzer (Cell Biosciences, Santa Clara, CA, USA).
DNA fragmentation determination
In brief, treated A549 cells were rinsed and suspended in 40 μL of lysis buffer (20 mmol/L ethylenediaminetetraacetic acid (EDTA), 100 mmol/L Tris-HCl, and 0.8% SDS, pH 8.0). Immediately, the cell suspension was incubated with 20 units RNaseA/T1 for 1 h at 37 1C. Then, cellular DNA was extracted following incubation with 20 mL proteinase K (20 mg/mL) overnight at 50 1C in a water bath. Before loading on the gel, these DNA samples were diluted with TE buffer (0.2 mmol/L EDTA, 10 mmol/L Tris-HCl, pH 7.5) and mixed with DNA loading buffer (6 Â ). Total DNA was analyzed by electrophoresis on 1.5% agarose gels at 60 V for 6 h. The DNA cleavage pattern was examined and digitized using a GIS-2 500 gel documentation system (Tanon, Shanghai, China).
Intracellular ROS detection
The specific superoxide radical anion (O 2 Á À ) indicator DCFH-DA was introduced to determine intracellular peroxides. The cells were seeded onto fluorescent 96-well plates at 2 Â 10 4 cells/mL and permitted to adhere overnight. At different times after light irradiation, the cells were stained with DCFH-DA (10 μmol/L) for 20 min in the dark. The superoxide generation was determined by immediately detecting the rinsed cells using a multi-detection microplate reader at λ ex 500 nm and λ em 485 nm, respectively.
ROS dependency determination
To verify the involvement of ROS formation during apoptosis induction in HA-mediated PDT, the cell-permeable reactive oxygen species dismutase N-acetyl-L-cysteine (NAC; 2 mmol/L) was applied to inhibit ROS generation in response to light irradiation. After the A549 cells were pretreated with NAC for 12 h, light irradiation was performed. At 12 h after irradiation, apoptosis was assessed via poly(ADP-ribose) polymerase-1 (PARP-1) Western blot detection.
Protein digestion and iTRAQ labeling
First, protein was isolated from control or treated the A549 cells by applying lysis buffer and purified via centrifugation at 18,000 Â g. Each protein aliquot sample isolated was acetone-precipitated and was dehydrated in 200 μL of 8 mol Urea (UA buffer; in 150 mmol/L Tris-HCl, pH 8.0), alkylated with 100 mmol/L of iodoacetamide (IAA, in UA) and NH 4 HCO 3 buffer (40 mmol/L), and dehydrated again as described above. Afterwards, the digestion was prepared by adding 96 μL trypsin buffer (7 μg trypsin in 480 μL NH 4 HCO 3 buffer) and 10% acetonitrile (ACN) for 20 h at 37 1C. After that, the hydrolysates were lyophilized, re-dissolved in 0.1% trifluoroacetic acid (TFA), desalinated with C18-SD Extraction Disk Cartridge desalination and quantified at 280 nm.
Proteins (100 μg) from each treatment were labeled using the iTRAQ Reagent-8plex Multiplex Kit (Applied Biosystems, Foster City, USA). A total of six samples were individually labeled with the iTRAQ tags (group A ¼ iTRAQ 113; group B ¼ iTRAQ 114; group C ¼ iTRAQ 115; group D ¼ iTRAQ 116; group E ¼ iTRAQ 117; group F ¼ iTRAQ 118). The labeled peptides were then lyophilized for further chromatography analysis.
Strong cation exchange (SCX) fractionation
The samples were then re-dissolved with SCX buffer A (10 mmol/L KH 2 PO 4 , in 25% ACN, pH 3.0) and introduced into the high performance liquid chromatograph (HPLC) system AKTA Purifier 100 (GE Healthcare) connected to the polysulfoethyl 100 mm Â 4.6 mm column (5 mm, 200 Å) (PolyLC Inc., Columbia, USA). SCX buffer A and SCX buffer B (10 mmol/L KH 2 PO 4 and 500 mmol/L KCl in 25% ACN, pH 3.0) were used in the mobile phases. The gradient run on the column ranged from 25%-100% SCX buffer B over 75 min at a flow rate of 1 mL/min. Then, the peptides were eluted with 100% buffer A for 1-25 min, buffer B (concentration increased from 10% to 45%) from 32 min to 47 min, 100% buffer B for 47-60 min, and 100% buffer A for the last 15 min. Fractions were collected every 60 s starting from 32 min. In total, 33 eluted fractions were pooled into 15 fractions, desalted with a C18 Cartridge (66872-U Sigma), and lyophilized.
LC-MS/MS analysis
Lyophilized peptide samples were re-dissolved in buffer A (10 mmol/L KH 2 PO 4 , 2% ACN, 0.1% TFA). The fractions were then loaded onto a Nano-RPLC analysis system. Buffer A (1% formic acid) and buffer B (1% formic acid, in ACN) were used in the chromatography analysis in the mobile phases. Before further separation, aliquots of each fraction (10 μL) were concentrated on a Thermo Scientific EASY pre-column (2 cm Â 100 μm, 5 μm-C18, San Jose, CA, USA). Then, each peptide sample was separated on the EASY column (75 μm Â 100 mm, 3 μm-C18; Thermo Scientific) eluted with a gradient elution buffer B for 60 min at a flow rate of 300 nL/min. After equilibration with 100% buffer A, the gradient started at 0% buffer B, followed by a 55 min elution with 50% buffer B, increased from 50% buffer B to 100% buffer B over 2 min, and maintained at 100% for another 3 min.
MS/MS was performed with a Thermo Finnigan Q-Exactive mass spectrometry. During the full MS scan, the system was set in the positive ion mode. MS data were acquired by a mass range of m/z 300 to m/z 1800 for precursor ions and the resolution set to 70,000 at m/z 200. The normalized sweeping collision energy at 30 7 5 eV was used for all precursor ions. Dynamic exclusion was set for half of the peak width (40 s). Activation time was set at 60 ms. The 10 most abundant peptides were collected for tandem mass (MS/MS) analysis with a resolution of 17,500 at m/z 200 for each cycle of data-dependent analysis.
Data processing and bioinformatics
Relative quantification and identification of raw MS spectra of 15 SCX fractions were performed with the Proteome Discoverer software (Version 1.4, Thermo Scientific, Matrix Science Ltd., London, UK) workflow. Database searches were conducted using Mascot 2.2 with search parameters as follows: trypsin as specific enzyme, oxidation of methionine as variable modification, precursor mass tolerance of 20 ppm and 0.1 Da for fragment tolerance. iTRAQ8plex (N-term), iTRAQ8plex (K) and carbamidomethyl (C) were considered variable modifications. A false discovery rate (FDR) threshold was set to 1% in this study. All reported proteins determined using Proteome Discoverer software were identified with a 95% or greater confidence filter. Furthermore, for protein quantification measured with iTRAQ, we set a fold change of 71.2 of the abundance ratio as the threshold with a P-value o 0.05 to identify significantly different expression. DAVID Functional Annotation Tools (http://david.abcc.ncifcrf.gov/) were introduced to study the molecular functional classification and pathway annotation of the differential proteins 12 . The functional network interaction was analyzed applying String (http://string-db.org/) 13 . To investigate the differentially expressed protein involvement in biological pathways, further analysis was performed using the KEGG database (http://www.genome.jp/kegg/) 14 . In addition, the gene ontology (GO) biological processes involving these proteins were determined using Panther (http://www.pantherdb.org/).
Caspase dependency determination
To determine the involvement of caspases in apoptosis, caspase inhibitors were employed. First, the cells were pretreated with pancaspase inhibitor Z-VAD-fmk (20 μmol/L, in FBS-free medium) for 12 h before PDT and maintained at 20 μmol/L. Control cells were incubated with no-serum cell culture medium with or without the pan-caspase inhibitor. Furthermore, to elucidate the pathway involved in the PDT-induced apoptosis process, caspase 8 inhibitor z-IETD-fmk and caspase 9 inhibitor z-LEHD-fmk were applied, followed by PARP-1 Western blot examination. The pretreatment and protein isolation was conducted as described above.
Subcellular localization
To determine the subcellular localization of HA, the mitochondrial dye MitoTracker s green was introduced. The A549 cells were seeded at 2 Â 10 4 cells/mL onto coverslips. After attachment, rinsed the A549 cells were then incubated with HA (1 μmol/L) at 37 1C for 4 h, allowing uptake in the dark. Then, mitochondria in the A549 cells were labeled with MitoTracker s green for 30 min.
Finally, confocal laser scanning microscopy (CLSM) images of subcellular localization were photographed using a Flowview FV1000 laser scanning confocal microscope (Olympus, Japan). HA was excited by the 543 nm and subsequently detected at 565-615 nm, while MitoTracker s green was excited at 490 nm and detected at 516 nm.
Mitochondrial morphology study
Briefly, the harvested A549 cells were first fixed in phosphate buffered glutaraldehyde and post-fixed in 1% osmium tetroxide. Thereafter, the fixed cells were immediately dehydrated in ice-cold graded ethanol (50%, 70%, 80%, 90% and 100%). Immediately, samples were incubated in Epon 812/acetone (2:1) overnight and then with pure Epon 812 for 3 h. Next, each sample was allowed to polymerize at different temperatures (30, 45, or 60 1C) for 3 days each. Ultrathin sections (approximately 100 nm) were prepared on an ultra-microtome (Ultracut R, Leica, Heidelberg, Germany). After staining with uranyl acetate and lead citrate, each sample was photographed under a Hitachi transmission electron microscope (TEM, H7650, Tokyo, Japan).
Mitochondrial stress assay
To assess mitochondrial toxicity induced by HA after irradiation, the oxygen consumption rate (OCR) was measured on a Seahorse Bioscience XF96 Extracellular Flux Analyzer (Billerica, MA, USA) using Wang's method. 15 Before the mitochondrial stress test, the A549 cells were seeded at 5 Â 10 3 cells per well onto a 96-well microplate. Two hours after PDT or Dox treatment, 1 mg/mL oligomycin, 0.3 mmol/L carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and 0.5 mmol/L of a mixture of antimycin A and rotenone were sequentially injected into the cellular media. The oxygen consumption rate was measured using a phosphorescent oxygen-and hydrogen-sensitive probe. Further analysis of fluorescence intensity time profiles in each well was performed using Seahorse Bioscience XFe Wave software (Billerica, MA, USA).
Mitochondrial membrane potential (MMP) analysis
JC-1 was applied to investigate the MMP changes after PDT, according to previous studies 16 . Normally, in healthy cells, JC-1 can selectively enter mitochondria as aggregates and emits redorange fluorescence. When MMP is lost, JC-1 dissipates into cytoplasm and forms monomers which emitting green fluorescence. After treatment with or without PDT, the cells were stained with JC-1 (10 mg/mL) for 10 min in the dark. The fluorescence intensities of different treatments were detected with a fluorescence microscope. In addition, MMP changes in cells at various times were also observed via flow cytometry analysis for a longer time. The red-orange fluorescence of JC-1 aggregates (λ ex ¼ 488 nm, λ em ¼ 590 nm) was detected in the fluorescence channel FL2 at 585 nm, which can easily be separated from the green JC-1 monomer fluorescence (λ ex ¼ 488 nm, λ em ¼ 527 nm) detected at 530 nm.
Subcellular fractionation isolation
Mitochondrial protein and cytosol were isolated as follows. The cells were harvested and re-suspended in mitochondrial isolation reagent A with protease inhibitor cocktail. Cell lysate was incubated with 10 μL mitochondrial isolation reagent B for another 5 min. After mitochondrial isolation reagent C was added, the cell fragments and un-lysed cells were removed by 10 min centrifugation at 700 Â g at 4 1C. Then, mitochondria were harvested by centrifuging the lysate for another 5 min at 12,000 Â g. The supernatant was saved as the cytoplasmic fraction, and the pellet was saved as the heavy membrane fraction containing mitochondria. Mitochondrial protein extraction was performed by incubating cells with mitochondrial isolation reagent C supplemented with protease inhibitors. The prepared protein samples were further subjected to Western blot analysis.
Statistical analysis
Prism 6.0 software (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. All results were expressed as the mean7SD. One-way analysis of variance (ANOVA) was used for comparisons of the means. P values less than 0.05 were considered statistically significant.
Results
HA-mediated PDT inhibits the A549 cells proliferation
As illustrated in Fig. 1A , the absorbance spectrum suggested that HA has a strong absorption peak, with three characteristic absorbance bands at 465, 534 and 586 nm. Because the absorption peak approximately 465 nm was the strongest, 470 nm was chosen for the irradiation wavelength for PDT. According to Gao and colleagues 17 , HA can emit red fluorescence after excitation by light at a wavelength of 543 nm. As depicted in the fluorescence images (Fig. 1B) , HA was actively internalized by A549 cells and accumulated in the cytoplasm.
The cell viability of HA-mediated photodynamic action and Dox treatment on A549 cells is respectively illustrated in Fig. 1C and D. Dox was chosen as a positive control drug because it is a traditional chemotherapy drug and widely used clinically. HA treatment without LED light irradiation did not cause any significant cytotoxicity in the A549 cells at the tested concentration range. However, when 470 nm LED illumination was employed, HA evoked significantly higher cytotoxicity at relatively low concentrations in the A549 cells than the positive control drug Dox, indicating that HA-mediated PDT remarkably eradicated the A549 cells. Therefore, as summarized in Fig. 1E , the IC 50 obtained for HA with irradiation at 12 and 24 h were significantly lower than for Dox at 24 h.
HA-induced photo-cytotoxicity is mediated by apoptosis, and ROS generation is an important event in HA-induced apoptosis
To obtain proof for the induction of apoptotic death by HA in the A549 cells, characteristic cellular events of apoptosis were examined. As illustrated by DAPI staining results in Fig. 2A , light irradiation with HA at its 2 Â IC 50 concentration remarkably induced apoptosis with condensed cell nuclei in a time-dependent manner. The annexin V-FITC assay by flow cytometry in Fig. 2B showed that HA-mediated PDT significantly increased the apoptotic population of A549 cells. Significant apoptotic population of A549 cells was detected in the HA 24 h treatment group Dox treatment group. The proteolytic cleavage of PARP-1 between Asp216 and Gly217 may also serve as an indicator of apoptosis 18 . This action cleaves the 116 kDa native enzyme into 36 and 89 kDa fragments. As depicted in Fig. 2C and D, PARP cleavage started to occur at 3 h after HA PDT and was not detected at 24 h. With increased time after PDT, a slight increase in the 89 kDa cleaved band was detected. Moreover, apoptotic DNA is an iconic event of apoptosis because it labels a late point of no return. As shown in Fig. 2E , fragmented DNA was detected in the A549 cells extracts after treatment with both HA and Dox in a time-dependent manner, which is in accordance with DAPI staining results 19 . In addition, HA-mediated PDT respectively increased the fraction of cells in S phase and in G2-M phases, while decreasing the cells proportion in G0-G1 (Fig. 2F) . Similar decrease which is not as dramatic as HA can be found in G0-G1 phases in Dox group, but S phase was increased.
ROS are free radicals or non-radical species derived from oxygen and plays an important role in PDT. ROS can react with a lot of biomolecules, such as proteins, nucleic acids, and lipids to irreversible damage tumor cells 20 . The detection of intracellular ROS after cells were exposed to LED light was performed by applying the sensitive ROS probe DCFH-DA 21 . In our experiment, ROS levels significantly increased (Fig. 2G) . After light irradiation with 0.08 μmol/L HA, the cell ROS peaked at 30 min compared to the sham treatment group and then gradually decreased over 150 min. Consistent with Tian and colleagues 22 , our data suggested HA-mediated PDT caused significant ROS increase within 1 h, confirming that the production of ROS is an early event in HA-mediated PDT. To verify the involvement of ROS in apoptosis induced by HA-mediated PDT, the reactive species scavenger NAC was applied along with PARP-1 detection 23 . As depicted in Fig. 2H and I, PARP-1 expression levels significantly decreased in A549 cells incubated with NAC.
Together, these findings demonstrated that the photodynamic action of HA induced apoptotic death in A549 cells in a ROSdependent way.
HA-induced apoptosis pathways shown by proteomic iTRAQ analysis
Applying iTRAQ combined with nano-LC-MS/MS and software analysis (Mascot 2.2 and Proteome Discoverer 1.4), more t han 4000 proteins were identified. Of these, 97 protein spots exhibited statistically significant changes of at least 1.2-fold (down-regulated or up-regulated). Of these altered proteins, 45 were down-regulated and 52 were up-regulated in the PDT-treated group compared with the control group (Supporting Information 1-3). The protein-protein association analysis of the identified proteins shown in (Fig. 3A) , was performed using STRING with the following analysis parameters: species-Homo sapiens, confidence level-0.400, and active prediction methods. The percentage of many proteins participating in essential biological process identified in this study is shown in Fig. 3B . Due to the presence of highly abundant proteins, the identification of apoptosis-related proteins could be hampered. Even though the apoptosis process proteins only accounted for 1.8% of all identified proteins, they still led cells to the fate of programmed death. As shown in Fig. 3C , the TNF signaling pathway members were the most enriched (P o 0.001). Five proteins involved in apoptosis regulation were enriched: BAG-4, COX-2, NEMO, JunB, and KS6A4 (Table 1) , among which JunB and BAG-4 are known as mitochondria related proteins.
Mitochondrial involvement in apoptosis after HA-mediated PDT
To further elucidate whether the apoptosis observed in this study occurred via the mitochondrial intrinsic pathway or whether TNF pathway also contributes to PDT-induced apoptosis, pan-caspase inhibitor and specific caspase inhibitors were used along with the cytotoxicity assay and PARP-1 cleavage detection to further investigate caspase dependency. As revealed in Fig. 4A-F , the caspase-8 inhibitor did not remarkably inhibit apoptotic death. However, apoptosis was significantly blocked by the pan-caspase and caspase-9 inhibitors. Subcellular localization of PS is a crucial factor in determining the type of cell death due to the generated ROS responsible for the oxidatively generated damage. In this work, HA readily passed through cell membranes, accumulated the most within cells, and exhibited red fluorescence mainly in the cytoplasmic mitochondrial region (Fig. 4G) . Little evidence was provided for HA penetration into the nucleus from the culture. Furthermore, shortterm changes of MMP were observed with a fluorescence microscope using probe JC-1. At 1 and 2 h after PDT, the red/ green fluorescent ratio was decreased suggesting a decreasing MMP in A549 induced by PDT (Fig. 4H and I) . Meanwhile, the positive control group achieved similar results after 2 h of Dox treatment. To further investigate the influence caused by photodynamic action of HA on the ultrafter PDT under TEM. The mitochondria of A549 cells in the control group exhibited complete double membrane structures with a perfect inner membrane and a smooth outer membrane. However, in PDT groups, the ultra-structural evidence of mitochondria presented swelling and distorted cristae, and the morphologically structure of mitochondrial outer membrane was disordered and incomplete for 1 and 2 h with HA-treatment (Fig. 4J) . Moreover, the double membrane structure of mitochondria was injured. These results suggested that HA directly caused a rapid damage to the mitochondrial morphology after HA-mediated PDT.
Measuring mitochondrial respiration kinetics with the Seahorse analyzer allowed us to determine mitochondrial oxygen consumption rates and stress levels over time following HA and irradiation exposure by studying the effect of toxic agents on three critical stages of respiration. After exposing the A549 cells to different concentrations of HA (0.04 and 0.08 μmol/L) and Dox and running the bioenergetics stages, we calculated ATP-linked respiration and respiratory capacity. As depicted in the Seahorse bioenergetics map (Fig. 4K) , PDT-treated cells exhibited dramatic changes in all three stages of mitochondrial respiration, in contrast to control cells. Quantitative analysis showed a dose-dependent decrease in basal respiration, maximal respiration and ATP-linked respiration produced by HA. At the doses of 0.04 and 0.08 μmol/L HA, mitochondrial oxygen consumption did not recover following FCCP treatment, indicating that these dose ranges irreversibly damage mitochondrial function (Fig. 4L) . Similarly, Dox exposure (26 μmol/L) also decreased the three stages which were all exceedingly low in less than 2 h. However, a relatively low concentration of HA (0.005 μmol/L) significantly decreased basal and maximal respiration as well as ATP generation, which may be related to the mitochondrial membrane enzyme damage caused by HA-induced ROS. Collectively, comparing the bioenergetics data of HA and Dox, HA had more potent dysfunction ability on mitochondria than Dox and profoundly impaired mitochondrial respiration in A549 cells.
Involvement of MMP in mitochondrial cytochrome c release
As revealed by JC-1 staining, without any treatment, the MMP dependent formation of JC-1 aggregates in the mitochondria of the A549 cells remained relatively high ratio. 1.5 h after HA-mediated PDT, these JC-1 aggregates were significantly decreased, implying a very quick depletion of mitochondrial membrane potential after of treatment (Fig. 5A and B) . After a slight recover at 3 h, the fluorescence of JC-1 aggregates experienced a sharp increase and finally decreased to 67.8% at 24 h. To further study the relation between MMP depletion and cytochrome release, subcellular fractionation isolation and Western blot of cytochrome c was conducted. As depicted in Fig. 5C -E, cytochrome c release started at 1.5 h and was peaked at 3 h. And then after a gradual decrease at 9 h, cytochrome c increased again at 12 h and finally decreased at 24 h, which was consistent with the MMP results determined by JC-1.
Downstream caspase activation partially contributes to HA-mediated PDT-induced apoptosis
Most functional activities of these proteins modulate apoptosis through the caspase-dependent pathway 24 . Caspases are major mediators of apoptosis that are synthesized as zymogens or procaspases with negligible activity and their activation depends on proteolytic cleavage of the procaspase into a smaller, enzymatically active form. Then, the enzymatically active caspases in turn regulate apoptosis and coordinate the process of cellular demolition. In this work, after 1.5 h, the significant initial enzyme activities of caspase-9 were detected, reaching maximum values at 3 h. For caspase-3 and caspase-7, remarkable cleavage was observed at 9 h after illumination, which then decreased after 24 h of treatment (Fig. 6 ).
Discussion
The precise photo-induced cytotoxicity mechanism in response to HA-mediated photodynamic treatment is controversial in recent studies. The purpose of this study was to develop HA as a potential photodynamic drug by elucidating the molecular mechanism of its anti-cancer action.
In present work, we demonstrated that HA can evoke a remarkable cytotoxicity effect in A549 cells under 470 nm LED irradiation. Dox, a first-line chemotherapeutic, was chosen as a positive control, because it is well-studied and reported with apoptosis inducing mechanism by interfering with mitochondria 25 . By comparing with Dox, which is severely cardiotoxic and induced multidrug resistance easily, we verified that HA has a comparatively lower side effect but a significantly higher cytotoxicity.
Apoptosis, a process of gene-mediated programmed cell death, was widely found as a cellular signing pathway in PDT. To further investigate the death mechanism that A549 cells undergo after exposure to HA and LED light, characteristic cellular hallmarks of apoptotic cell death were examined. Externalized phosphotidylserine, elevated PARP-1 expression, condensed chromatin and fragmented DNA suggested that HA kills cancer cells via inducing apoptotic cell death. Additionally, we discovered that free radical quencher NAC remarkably inhibited the apoptosis, indicating that this apoptosis was ROS-dependent. To shed more light on the detailed action of the apoptosis mechanism of HA during PDT, we performed functional proteomic analysis in conjunction with other biochemical techniques.
The iTRAQ approaches, among the proteomic technological advances, have allowed new assessments of drug molecular mechanisms at a protein scale in many studies, providing new insights into the associated molecular pathways of anticancer drugs 26, 27 . In the five up-regulated apoptosis-involved proteins in KEGG pathway analysis of iTRAQ data ( Fig. 3B and Supporting Information 4 and 5), JunB and BAG-4 were associated with mitochondria 28 . It is reported that JunB mediates the survival response in cell exposed to H 2 O 2 by reducing mitochondria stress or BCL-2 reduction 29 . Moreover, JunB can induce apoptosis through activation of caspase-3, -8, and members of the HSP70 family and HSP60. Meanwhile, BAG-4 is a mitochondria survival protein that protect against apoptosis by binding or simulating BCL-2 or BCL-XL 30 , which are both antiapoptotic proteins and proved undergo directly photochemical damage after PDT 31 . These findings implied that mitochondria may undergo stress and contribute to apoptotic cell death after PDT in the A549 cells and caspase might act as a downstream event in apoptotic process. On the other hand, the other three upregulated proteins (KS6A4, NEMO and COX-2), are often found in NF-κB pathway, which is closely associated with the extrinsic TNF pathway. NEMO, along with IκB kinase 1 and 2, participate in IκB kinase complex (IKK) formation which plays a vital role in NF-κB pathway via phosphorylating the inhibitory IκBα protein 32 .
Up-regulated KS6A4 is reported that it can directly phosphorylate IκB. The phosphorylation of IκBα protein by IKK in turn allows NF-κB to translocate to the nucleus, bind DNA, and initiate transcription of mostly specific anti-apoptotic pro-survival genes, such as COX-2 33 . Growing evidence show that NF-κB can be activated by ROS to cope with intracellular redox homeostasis changes 34 . Therefore, judging by up-regulation of these three proteins, we assumed that NF-κB could be activated by HAinduced ROS after irradiation and may act as a stress response reaction toward the ROS stimuli. In addition, up-regulated COX-2 expression is a general response of tumor cells to photodynamic damage 35 . Because COX-2 inhibition directly potentiated tumor response to PDT 36 , pharmacological inhibition of COX-2 should enhance anti-cancer efficiency or reduce tumor resistance to the HA-based PDT.
No matter the extrinsic or intrinsic apoptosis pathway, signaling pathways often involved and eventually converge upon the activation of the family of cysteine proteases, which is called the caspase cascade 37 . Different pathways are often characterized with different caspases involved in the upstream apoptosis process. The intrinsic pathway is characterized by caspase-9 and caspase-3 activation and cytochrome c release from mitochondria to cytoplasm, while the extrinsic pathway is initiated the intracellular formation of a death induced signaling complex (DISC) and recruitment and activation of proximal pro-caspase-8 and procaspase-10 molecules. As revealed in our caspase dependency evaluation with different inhibitors, the caspase 8 inhibitor failed to remarkably block apoptotic cell death, while the pan-caspase or caspase-9 inhibitor significantly blocked the apoptosis, indicating NF-κB could be involved in the anti-apoptosis response. Similar conclusion can be found in Matroule and colleagues' study 38 on aminopyropheophorbide-mediated photosensitization in HCT-116 cells. Therefore, our hypothesis that the intrinsic mitochondria pathway might participate more actively in the apoptosis process was confirmed.
Encouraging results demonstrated that mitochondria-involved apoptosis plays an irreplaceable role in PDT mediated by hypocrellin and its derivatives 39 . Fu et al. 40 first demonstrated that the photodynamic effect of HA could inhibit the mitochondrial ATPase of hepatoma cells in vitro after irradiation by high-voltage sodium light. Moreover, Jiang et al. 41 found that hypocrellin B damaged the mitochondrial structure of ovarian cancer HO-8910 cells after PDT. Recently, Zhao's group demonstrated that 17-(3-amino-1-pentanesulfonic acid)-substituted hypocrellin B Schiff-base (PENSHB)-mediated PDT decreased the mitochondrial inner membrane potential, subsequently releasing cytochrome c and inducing apoptotic death 42 . In the present study, we systematically studied mitochondrial involvement in the photoinduced apoptosis due to HA-mediated photodynamic action. Subcellular localization revealed that HA was actively taken up into the cytoplasm and localized to mitochondria. Similar mitochondrial subcellular localization results can be found in El-Sikhry and co-workers' study with hypocrellin derivative SL017 38 . Mitochondria are the main source of energy metabolism, ATP generation required for cellular homeostasis 43, 44 . Otto Warburg first observed that cancer cells consume more glucose and produce more lactate than many nonmalignant cells. Therefore, mitochondrial of cancer cells are under intrinsically increased oxidative stress and vulnerable to ROS-induced apoptosis 45 . Selectively targeting cancer cell mitochondria represent an enticing option for future anticancer therapy 46 . Furthermore, numerous studies reported that interaction of light leads to excitation of HA in a triplet state which is able to react directly with substrate from cell to form radical. Those radicals subsequently transfer energy to molecule oxygen to produce ROS 7, 47 , which explained our ROS formation and dependency results. Considering the mitochondrial characteristics and our results, we can safely conclude that the subcellular location of HA is beneficial for light-sensitive anticancer treatment. Additionally, this selective mitochondrial targeting might explain the remarkably higher photo-cytotoxicity compared to Dox.
To investigate the downstream events after ROS generation that cells undergo, we investigated the mitochondrial ultrastructural damage, functional injury, and membrane potential depolarization in response to ROS formation. Intact mitochondria of cancer cells generally maintain a high membrane potential. One explanation for mitochondrial depolarization in our study might be the onset of the mitochondrial permeability transition (MPT), which is a consequence of the opening of permeability transition pores in the mitochondrial inner membrane 48 . Growing evidence shows that among the numerous factors regulating the permeability transition (PT) pore, ROS can induce the PT pore opening 49 . Thus, the mitochondrial depolarization detected in this study may be related to PT pore opening caused by HA-induced ROS generation. As a consequence of PT pore opening, mitochondria uncouple and undergo large amplitude swelling and respiration functional injury. The outer membrane ruptures during of mitochondria swelling easily cause the release of mitochondrial intermembrane factors, including some apoptosis-inducing proteins, to the cytosol which in turn induces cell apoptosis via provoking the caspase cascade.
The most widely studied of these released mitochondria polypeptides is cytochrome c, a component of the electron transport chain that is loosely bound to the outer leaflet of the inner mitochondrial membrane. According to previous studies, once cytochrome c appears in the cytoplasm, it binds to cytoplasmic scaffolding molecule apoptosis activating factor-1 (APAF-1) to form the "apoptosome" complex and initiate activation of the cascade of caspases that carry out the final Figure 7 Schematic illustration of the mechanism on apoptosis inducing effected of HA-based PDT.
stages of apoptosis 50 . It is also known that the activation of initiator pro-caspases requires the intracellular formation of a molecular platform in which adaptor proteins and pro-caspase molecules are recruited, leading to dimerization and autocatalytic activation of the proteases. After procaspase-9 binds to this Apaf-1 and cytochrome c complex, caspase-9 can be released. Then, proteolytically activated caspase-3 and caspase-7 further initiate cellular disassembly. Consistent with these reports, we found that cytochrome c was released from the mitochondria to the cytoplasm after the MMP depletion upon HA-mediated Light irradiated (Fig. 5A and C-E) . The loss of MMP could preceded the release of cytochrome c and further activated downstream effectors as depicted in Fig. 6A . Subsequent activation of the caspase cascade results in the expression of the characteristic features of apoptosis such as DNA fragmentation and chromatin condensation, as we discovered above.
Conclusions
In summary, HA was investigated as a potential photosensitizer for antitumor effects on A549 cells in vitro. HA-mediated oxidative injury acts as an early upstream change in the cell death cascade to antagonize the cyto-protective NF-κB signaling, triggering mitochondrial dysfunction, MMP changes, mitochondrial cytochrome c release, caspase activation, and consequent apoptosis (Fig. 7) . The understanding of the molecular basis of drug mechanisms can lead to translational impacts and provide valuable information for future therapeutic applications of hypocrellin or its derivatives. Additionally, iTRAQ analysis on HA-evoked apoptosis may shed light on combination therapies of future PDT for higher efficiency or fewer side effects. It deserves to fully study the photo-sensitive cytotoxicity of HA with in vivo evaluations in future study.
